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Edited by Takashi GojoboriAbstract Nacre or mother-of-pearl in the shell of Pinctada
margaritifera is composed of 95–99% calcium carbonate and
1–5% organic matrix. In this study, we developed an original
technique to characterize the genes diﬀerentially expressed in
nacre-forming cells (NFC) by combining suppression subtractive
hybridization (SSH), to establish a cDNA subtractive library,
with rapid ampliﬁcation of cDNA ends (RACE)-PCR. Sev-
enty-two speciﬁc cDNA sequences have been obtained so far.
These include a protein containing two EF-hand Ca2+-binding
domains which was completely sequenced after ampliﬁcation
by RACE-PCR. Its speciﬁc expression as well as the speciﬁcity
of the SSH method was conﬁrmed by semi-quantitative RT-PCR
on NFC and mantle cells.
 2006 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
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The mollusc shell is a product of biomineralization of
CaCO3 crystals. In the pearl oyster Pinctada margaritifera,
the inner part of the shell is made of nacre or mother-of pearl
and organized in multiple layers of CaCO3 aragonite crystal
tablets surrounded by an organic matrix, 1–5% by weight of
the total composition and is essential for the control of the
mineralization process [1]. The organic matrix compounds
are usually classiﬁed according to their solubility in weak acid
or calcium-chelating agents such as ethylenediaminetetraacetic
acid [2]. Soluble organic molecules in the matrix are potential
nucleators of the highly orientated calcium carbonate crystals
whereas the insoluble matrix forms the framework in which
minerals are deposited [3].Abbreviations: RACE, rapid ampliﬁcation of cDNA ends; NFC,
nacre-forming cells; SSH, suppression subtractive hybridization;
EDTA, ethylenediaminetetraacetic acid; CaRP, calmodulin-related
protein; CaM, calmodulin
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doi:10.1016/j.febslet.2006.03.077In Pinctada maxima [4] and Haliotis tuberculata [5], a spe-
ciﬁc part of the mantle, the nacre-forming cells (NFC), was
shown to be much more active in the construction of the nacre
than other parts of the mantle. To directly target these proteins
speciﬁcally involved in the construction of the nacre layer of
the shell and in the biomineralization process, we used a com-
bination of the suppression subtractive hybridization (SSH)
technique to establish a cDNA subtractive library [6] speciﬁc
to NFC and the RACE-PCR technique. With this method,
we sequenced 72 diﬀerentially expressed cDNA fragments of
the NFC by subtracting the cDNAs present in the oyster mus-
cle from cDNAs present in the NFC. We found a diﬀerentially
expressed mRNA in the NFC of P. margaritifera, the calco-
nectin mRNA. The corresponding protein shares two EF-hand
motifs with calmodulin-related protein (CaRP) of Arabidopsis
thaliana.2. Materials and methods
2.1. Fresh material
Adult P. margaritifera oysters were obtained from a French Polyne-
sia shellﬁsh farm. The tissues including NFC, mantle and muscle were
freshly dissected out at the breeding site and frozen in liquid nitrogen.
They were stored in liquid nitrogen until mRNA isolation.2.2. Construction of a subtractive cDNA library
FastTrack 2.0 mRNA isolation kit (Invitrogen, Cergy Pontoise,
France) was used to isolate and purify mRNA from NFC and muscle
according to the manufacturer instructions. The subtractive cDNA li-
brary was realized using the Clontech PCR-select cDNA subtraction
kit (Clontech, Palo Alto, CA). cDNAs from NFC (tester cDNAs)
and from muscle (driver cDNAs) were synthesized using, respectively,
1.6 and 3.2 lg mRNA. To equalize and enrich for diﬀerentially ex-
pressed sequence, two hybridization steps were carried out between
tester cDNAs and excess of driver cDNAs. The resulting molecules
were subjected to two runs of PCR to selectively amplify the diﬀeren-
tially expressed sequences. The subtracted cDNAs were then cloned
into a T/A vector, pGEM-T easy (Promega, Madison, WI, USA)
and transformed into E. coli JM109 to create a NFC subtractive
cDNA library.2.3. Screening for diﬀerential cDNA inserts by dot blotting
Using the Clontech PCR-select Diﬀerential Screening Kit, 96
colonies containing inserts from the NFC subtractive cDNA library
were analyzed for diﬀerential expression by hybridization to NFCblished by Elsevier B.V. All rights reserved.
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construct the subtracted library and muscle subtracted probes made
from a new subtractive hybridization using the original tester cDNAs
as a driver and the driver cDNAs as a tester. The cDNA probes were
labelled using [a-32P]dCTP.2.4. Sequencing and comparison of the SSH clones
The SSH clones were sequenced by Qiagen sequencing service (Qia-
gen, Hilden, Germany) from JM109 competent cells containing cDNA
inserts. After sequencing, the inserts were compared each other to be
sure to have a unique sequence for each entry in the database. The
comparison was achieved using the online Multalin software [7]
(http://prodes.toulouse.inra.fr/multalin/multalin.html) and the BLAST
2 algorithm (http://www.infobiogen.fr/services/analyseq/cgi-bin/blas-
t2_in.pl).2.5. Sequence analysis assistance
Each unique nucleotide sequences were compared with known se-
quences present in GenBank database using the BLAST program [8]
through the National Center for Biotechnology Information server
(http://www.ncbi.nlm.nih.gov/BLAST/). Protein sequences for the six
open reading frame (ORF) of each clone were compared with known
proteins in SwissProt/TrEMBL databases using the BLAST program
through the ExPASy (Expert Protein Analysis System) proteomics ser-
ver of the Swiss Institute of Bioinformatics (http://www.expasy.org/
tools/blast/).2.6. Rapid ampliﬁcation of cDNA end
Total RNA was extracted from mantle using the TriZOL reagent
(Sigma, Saint Quentin Falavier, France). Rapid ampliﬁcation of cDNA
ends (RACE) was performed using the GeneRacer Kit (Invitrogen,
Cergy Pontoise, France). The 3 0 and 5 0 end products were obtained
by PCR ampliﬁcation of the reverse transcribed cDNA sequence with
the gene-speciﬁc primers G1 (5 0-CAGATGTCTTTCTCCGAC-30)
and G2 (5 0-CATCGGCCGGTGCTCCAACAGG-30) coupled, respec-
tively, to the primers with annealing site at the 3 0 and 5 0 extremity.
The reverse G1 and forward G2 gene-speciﬁc primers were designed
from the partial cDNA sequences of the E85-clone from the subtrac-
tive cDNA library. The 5 0 and 3 0 end ampliﬁcation products were
then migrated on an agarose gel electrophoresis, puriﬁed and cloned
in a pCR4-TOPO cloning vector using TOPO TA cloning kit
(Invitrogen, Cergy Pontoise, France). The recombinant plasmids were
then sequenced by Qiagen sequencing service (Qiagen, Hilden,
Germany).2.7. DNA and protein analyses
Protein families and domains were determined using the PROSITE
database at the ExPASy proteomics server of the Swiss Institute of
Bioinformatics (http://www.expasy.org/prosite). Hydrophobicity pre-
diction was achieved by the Kyte and Doolittle method [9] at the ExP-
ASy proteomics server (http://www.expasy.org/). Protein multiple
alignments were performed with the CLUSTALW v1.82 program
[10] available at the European Bioinformatics Institute (http://www.
ebi.ac.uk/clustalw/). Potential presence and location of signal peptide
cleavage sites in amino acid sequences [11] as well as phosphorylation
site [12] was performed with the prediction server at the Centre for Bio-
logical Sequence Analysis, BioCentrum-DTU Technical University of
Denmark (http://www.cbs.dtu.dk/services/). The secondary structure
prediction was carried out using the method of McGuﬃn et al. [13]
at the PSIPRED Protein Structure Prediction Server (http://bio-
inf.cs.ucl.ac.uk/psipred/psiform.html).Fig. 1. Assessment of the eﬃciency of the SSH method by Southern
dot blot hybridization screening. Random cDNA fragments from the
SSH library were dot blotted in duplicate on a nylon membrane and
probed with 32P-labelled cDNA probes synthesized from either NFC
(A) or muscle (B).2.8. Semi-quantitative analysis of gene expression
Expression level of calconectin mRNA in oyster NFC, mantle and
muscle tissues was examined using semi-quantitative RT-PCR experi-
ment. Equal quantities (1.4 lg) of total RNA from the diﬀerent tissues
were reverse transcribed into cDNA with the Superscript II Reverse
Transcriptase (Invitrogen, Cergy Pontoise, France). The following
PCRwas carried out in a thermocycler (Stratagene Robocycler gradient
96) in the presence of 30 ng RT-PCR product, 1· PCR buﬀer, 1.5 mM
MgCl2, 200 lM dNTP, 1 U Taq DNA polymerase (Invitrogen, CergyPontoise, France) and 0.5 lM G1 and G4 (5 0-TGACACTCCC-
GAATTTCC-30) primers in a ﬁnal volume of 10 ll. The actin gene
was chosen as a housekeeping gene to control for the initial amount of
cDNAs in each PCR. To obtain the actin primers the conserved se-
quences ofmolluscan actin were alignedwith theCLUSTALWprogram
to design degenerated actin forward A1 (5 0-CCMATCTACGAAGGT-
TACGCYC-3 0) and reverse A2 (5 0-CGATCCASACGGAGTATT-
TCC-3 0) primers. Ampliﬁcation of mantle cDNAs with degenerated
primer A1 and A2 was performed and the PCR product was cloned
and sequenced as described above. The partial sequence (532 bp) shared
93% identity with Crassostrea gigas actin (GenBank Accession No.
AB071191). Negative controls were carried out using ultra pure sterile
H2O template to examine the cross contamination of the samples.3. Results
3.1. Speciﬁc cDNA library
In order to characterize the diﬀerentially expressed genes
coding for the speciﬁc proteins composing nacre organic ma-
trix, a subtractive cDNA library was prepared by subtracting
cDNAs that are common to NFC and muscle by hybridization
and PCR ampliﬁcation.
After preparing the subtractive cDNA library, 466 sequences
were obtained in a ﬁrst cloning run. The subtraction eﬃciency
was checked and 96 randomly selected cDNAs were hybridized
with NFC and muscle cDNA probes (Fig. 1). A quantitative
analysis of the signal was performed after digitalization. Quan-
titative analysis showed that 51 gave a signiﬁcant signal when
probed with cDNAs from NFC and another 9 gave a signiﬁ-
cant signal with muscle cDNA probes. There were 36 cDNAs
that gave no signal with either the NFC probe or the muscle
probe. These results therefore show that 53% of the library
clones carry NFC-speciﬁc cDNAs.
However, all 466 clones were sequenced and 387 of them
gave an exploitable sequence. The cDNA fragments aver-
aged 371 bp. The results were organized like pieces of a jig-
saw puzzle: the same pieces could be found in several
fragments and common fragments were aligned to form a
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this method, there were 72 unique sequences available for
identiﬁcation with a sequence size averaging 450 bp. The
comparison of these sequences with Internet nucleotide
(GenBank) and protein (ExPASy) databases showed that
66 of them had no relevant similarity score with known
proteins whereas 6 other sequences were similar to known
protein sequences. These included the EF-hand calcium-
binding domain for the E85-clone. This sequence containing
a calcium-binding domain was therefore analyzed in
detail as it may throw light on the methodology used in this
study.Fig. 2. The cDNA nucleotide sequence and deduced calconectin amino acid s
of the nucleotides in the cDNA sequence. The initial codon, the stop codon a
predicted phosphorylation sites are boxed. The two EF-hand domains are u3.2. Ampliﬁcation of full length cDNA
Using a gene-speciﬁc primer G1 from the E85-clone cDNA
fragment, a fragment of approximately 300 bp from mantle
cDNAs was ampliﬁed by the 3 0 RACE procedure. Subsequent
sequencing analysis revealed that the fragment was 297 bp in
length. On the other hand, a fragment of 233 bp was obtained
after the 5 0 RACE procedure using the gene-speciﬁc primer G2
on mantle cDNAs. Both fragments were assembled to give a
full length cDNA of 496 bp in length with an ORF of 279
nucleotides (nt). There were 154 nt in the 5 0-untranslated re-
gion (UTR), a TGA stop and 90 nt of 3 0-UTR including a
putative polyadenylation signal (AATAAA) which is 17 nucle-equence in P. margaritifera. Numbers on the right indicate the position
nd the putative polyadenylation signal (AATAAA) are shadowed. The
nderlined.
Fig. 3. Predicted calconectin protein secondary structure (cylinders = a-helix, arrows = b-sheet strand, line = random coil). The two EF-hand
domains are boxed.
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The coding region was complete in the E85-clone. The nucleic
acid sequence of the full-length cDNA has been submitted to
GenBank with the accession number DQ352042 and is shown
in Fig. 2.3.3. Deduced amino acid sequence
The deduced protein is composed of 92 amino acids and has
an estimated molecular mass of 10.4 kDa with an isoelectric
point of 6.28. A search for the protein domain in the PRO-
SITE database revealed two EF-hand calcium-binding do-
mains from the 37th to the 50th amino acid and from the
66th to the 79th amino acid in the deduced amino acid se-
quence. The protein is called calconectin because of the two
EF-hand calcium-binding domains and its putative role in
the biomineralization of the shell. Calconectin contains only
one Tyr residue and no His or Trp residues. The major resi-
dues were Lys (16%) and Asp (14%). The predicted secondary
structure (Fig. 3) contains random coiled regions (n = 5,
64.1%), b-sheet strands (n = 2, 5.5%) and 2 a-helix domains
(30.4%). A hydrophobicity plot obtained by the Kyte and
Doolittle calculation [9] displays the overall hydrophilic char-
acter of the protein except at its C-terminal end (Fig. 4).Fig. 4. Hydrophobicity score along the linear sequence of the
calconectin protein according to Kyte and Doolittle [9]. The slope
mainly distributed at the bottom of the diagram shows that the
molecule is hydrophilic except for three distinct regions with a low
positive hydrophobic score.Finally, calconectin has 7 putative phosphorylation sites as
predicted by the Centre for Biological Sequence Analysis
server, BioCentrum-DTU Technical University of Denmark
with high score [12], which included 6 serine and 1 threonine
but no signal peptide was found (Fig. 2).3.4. Identiﬁcation of the protein
A search for protein homology using the BLAST program
between the calconectin protein and the ExPASy protein data-
base ﬁnd the A. thaliana CaRP (ExPASy accession number
Q9C8Y1) as the ﬁrst matching sequence with acceptable score
and E-value. The Clustal W multiple sequence alignment anal-
ysis showed 28% identity and 71% similarity on 92 amino acids
of the deduced sequence with the CaRP. Homology was even
stronger for the two speciﬁc domains of CaRP involved in
Ca2+ binding, the EF-hand domain, namely 38% identity and
73% similarity (Fig. 5). EF-hand domain also exists in a Pinct-
ada fucata protein, the calmodulin (CaM, accession number
Q6EEV2) [14]. Alignment with the EF-hand domain sequence
of P. fucata CaM shows more identity and homology, 42%
and 85%, respectively, than with theA. thalianaCaRP EF-hand
sequence.3.5. Semi-quantitative analysis of gene expression
The pattern of expression of calconectin protein by the
NFC, mantle and muscle tissues was analyzed in order to con-
trol the SSH method. As shown in Fig. 6, diﬀerential expres-
sion was conﬁrmed by semi-quantitative RT-PCR analyses.
The calconectin mRNA is expressed in NFC and mantle cell
whereas no expression was observed in muscle cDNAs. The
177 bp sequence of the PCR product obtained with calconectin
gene-speciﬁc primers was consistent with calconectin cDNA.
The same results were obtained in three independent experi-
ments.4. Discussion
The outer epithelium of the mantle is usually considered to
be the source of the matrix organic molecules and ions for shell
construction [15,16]. A speciﬁc region is partially involved in
shell matrix protein synthesis and nacre production [4,5]. In or-
der to identify new cDNA sequences corresponding to nacre
matrix proteins or associated with the biomineralization of
the P. margaritifera shell, we used the SSH technique to create
a subtractive cDNA library containing the material produced
BA
Fig. 5. Alignment of the amino-acid sequence of P. margaritifera oyster calconectin with (A) A. thaliana CaRP (CaRP_A._taliana) and (B)
P. fucata calmodulin (CaM_P._fucata). The EF-hand domains are shaded. Homologous and identical amino acids are indicated by dots and stars,
respectively.
Fig. 6. Assessment of the speciﬁcity of expression of calconectin
mRNA in NFC compared to other tissues. RT-PCR products (177 bp)
using the calconectin speciﬁc primers described in Fig. 3 and cDNA
template from the NFC (1), mantle (2) and muscle (3) tissues of P.
margaritifera. Actin cDNA was used as standardisation control. PCR
products were analyzed in a 2.4% agarose gel electrophoresis.
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speciﬁc cDNAs were enriched and stored. The SSH method is
not an on/oﬀ method as a few cDNAs shared by muscle cellsand NFC were ampliﬁed. It is however, a convenient technique
for obtaining a large panel of speciﬁc genes. For example, it
was successfully used by Buchaille et al. in 2000 [17] to identify
the genes involved in human odontoblast diﬀerentiation. For
the ﬁrst time, this SSH method was used to characterize and
identify molluscan proteins involved in the biomineralization
of the shell. A total of 72 unique and diﬀerentially expressed
cDNA sequences were obtained. Six had similarities to known
cDNAs whereas a large number of putative cDNAs with un-
known function or mitochondrial DNAs were obtained. The
presence of a mitochondrial speciﬁcity in NFC is doubtful
and such a result would mean a high cellular activity leading
to a high concentration of mitochondrial DNA compared to
nuclear cDNA in the shell-forming region. Moreover, as mol-
luscan proteins and in particular, the proteins involved in bio-
mineralization and the corresponding cDNAs are poorly
represented in the ExPASy and NCBI databases, the level of
known protein within the cDNA library is very low (8%). As
2440 D. Duplat et al. / FEBS Letters 580 (2006) 2435–2441diﬀerentially expressed sequences of the NFC were 53%
according to the screening for diﬀerential cDNA inserts, the
potential for new NFC-speciﬁc cDNAs obtained with this
method averaged 38. This subtractive cDNA library is thus a
reservoir for new proteins involved in the biomineralization
of the shell matrix scaﬀolding of P. margaritifera. This report
focused on a speciﬁc sequence, with 2 EF-hand Ca2+-binding
domains which was named calconectin.
The full length cDNA possesses seven putative phosphoryla-
tion sites. Phosphorylation of the residues may change the ter-
tiary structure and participate in targeting the calcium
interactions of this protein.
Calconectin is more similar to A. thaliana CaRP than to P.
fucata CaM sequence. However, if we limit this comparison
to the two unique EF-hand domains, calconectin is closer to
P. fucata CaM than to A. thaliana CaRP. EF-hand proteins
have so far been classiﬁed into 45 distinct subfamilies with
diﬀerent structure, function or gene loci [18]. However the
calconectin described here cannot yet be classed into any
subfamily according to its deduced primary and secondary
structures.
The calconectin contains a pair of EF-hand motifs repre-
senting 28% of the total sequence. The EF-hand domain is
characterized by a motif of 12 residues that forms a loop to
accommodate calcium [19] or magnesium ions [20]. The basic
functional domain consists of 29 amino acids arranged in a he-
lix–loop–helix conformation and is often present in pairs
[19,21]. The EF-hand motif of calconectin is also present in a
pair but the predicted secondary structure shows that only
the second EF-hand motif is surrounded by two a-helixes, a
conformation usually indicating Ca2+-binding activity [19].
The ﬁrst EF-hand domain only has the loop–helix structure.
Calcium is involved in a wide variety of biological processes
such as biomineralization, muscle contraction, cell metabolism
(e.g. cell cycle control, cell diﬀerentiation, signal transduction)
or cellular processes (e.g. exocytosis). EF-hand proteins have
been characterized in a wide range of living organisms includ-
ing bacteria, plants and animals [18] and have a wide range of
functions including calcium buﬀering, transport, signal trans-
duction [22] and muscle contraction [23]. During biominerali-
zation, the presence of Mg2+ facilitates stabilization of
amorphous calcium carbonate [24]. Moreover, biomineraliza-
tion of the aragonite layer appeared in marine molluscan shells
related to the high Mg2+ content in their extrapallial ﬂuid [25].
It may therefore be assumed that mineralization of either cal-
cite or aragonite may occur depending on the Ca2+/Mg2+ con-
centration balance. The calconectin protein may be involved in
signal transduction during this process leading to the biomin-
eralization of calcite when it binds Ca2+ or aragonite when it
binds to Mg2+.
No calconectin mRNA expression was obtained in the mus-
cle whereas high levels were expressed in NFC tissue and in the
mantle which are key tissues responsible for the production of
proteins and other molecules and the secretion of calcium in-
volved in the shell biomineralization process [4,5,15,16]. This
result also conﬁrms the speciﬁcity of the molecules obtained
by the SSH method.Acknowledgments: This work was ﬁnancially supported by SIERA
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